During the recent decade, the question of the existence of planets orbiting stars other than our Sun has been answered unequivocally. About 150 extrasolar planets have been detected since 1995, and their properties are the subject of wide interest in the research community. Planet formation and evolution theories are adjusting to the constantly emerging data, and astronomers are seeking new ways to widen the sample and enrich the data about the known planets. In September 2002, ISSI organized a workshop focusing on the physics of "Planetary Systems and Planets in Systems"
ple, the apparent motion it induces on the Sun has a semi-major axis of 5 milliarcseconds, if viewed from a distance of 10 parsecs. Such a small astrometric signature is also extremely difficult, if not impossible, to detect. This orbital motion of the host star can nevertheless be detected through the method of radial velocities. In this method, the observers exploit the Doppler effect in order to measure the radial component of the star's motion (i.e. its lineof-sight component). A periodic variation in the radial velocity may hint at an orbital motion and the possible existence of a planet near the star. The first claim of a very-low-mass companion detected using this method was the companion of the star HD114762. The amplitude of the radial-velocity variation was about 600 m s -1 , and the companion mass was found to be around 10 Jupiter masses 3, 4 (M J ). Although the existence of this object is well-established, the question of its planetary nature is still debated. Alternatively, it could be a brown dwarf -an intermediary object between a planet and a star. The amplitude of the variation was barely detectable using the techniques available at the time. The detection of smaller planet candidates had to wait for the development of instruments that could measure precise radial velocities.
The major breakthrough occurred in 1995, when Mayor & Queloz 5 announced the first discovery of an extrasolar planet orbiting the star 51 Pegasi, by using precise radial velocities ( Fig. 1 ) obtained with the ELODIE spectrograph in the Haute-Provence Observatory. The planet has a mass of 0.44 M J and an orbital period of 4.23 days, which means it orbits at a distance of 0.05 AU from its host star. Thus, this planet turns out to be very different from planets in our Solar System. All previous formation theories, which were based purely on the Solar System data, had to be re-examined, because the existence of a giant planet in such close proximity to a star was supposed to be impossible. 51 Peg b (the planet around 51 Peg), together with other 51 Peg-like planets (also nicknamed "Hot Jupiters"), formed the most serious challenge to the planet-formation theories, and gave rise to the notion of planetary migration. Since 1995 precise radial-velocity measurements have been routinely performed by several groups, the most prominent ones being the California Group, using iodine-cell spectrographs 6 , and the Geneva group, using fibre-fed spectrographs 7 . Those two methods were the major independent technological breakthroughs that enabled precise radial velocities to be measured.
Currently, the two techniques of radial-velocity and photometric-transit measurements (see below) have contributed most of the observational knowledge on extrasolar planets around main-sequence stars. However, there are also other techniques, which are worth mentioning here. Such is the case with the planets detected around pulsars 8, 9 . In principle, they were detected by means of their radial velocities, but the radial velocities were not measured by the usual spectroscopic means, but by the precise timing of the pulsar's pulses. Pulsars are neutron stars, i.e. they are no longer main-sequence stars, but remnants of supernovae. Given the extremely violent process that forms pulsars, the existence of planets around them becomes an intriguing issue, which is completely different from the main quest after planets orbiting viable main-sequence stars.
Another important issue is the search for planets by using gravitational lensing. Due to a known phenomenon in General Relativity, when a faint relatively close star (the "lens") passes in front of a very distant star (the "source"), the light from the source undergoes a strong amplification. In case there is a planet orbiting the "lens" star, it may be detected by its effect on the amplification curve 10 . There are already several promising detections 11 , but follow-up studies of the detected candidates are not feasible. This renders the main contribution by these surveys a statistical one, regarding the frequency of planets in the Galaxy.
Properties of the Extrasolar Planets
Currently, about 150 extrasolar planets have been detected. This number, although not overwhelming, is enough to make some preliminary observations regarding the characteristics of this growing population. Obviously, these findings have affected the development of theories concerning the formation and evolution of planets in general, and the Solar System in particular. In the following paragraphs we discuss the most prominent features of the population of extrasolar planets.
Mass distribution
Since the very early days of the search for extrasolar planets, a central research theme was the definition of planets, especially a definition that distinguishes them from stars. The most straightforward criterion, which remains the most common-ly used one, is simply the object mass. The hydrogen-burning borderline between stars and substellar objects, at 0.08 solar masses (M ), is already well known and understood. A similar limit was sought that would apply for planets. This was set at the so-called "Deuterium burning limit", at 13 M J
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. This arbitrary limit has nothing to do with upper mass limit of objects formed by agglomeration in accretion disks. The tail of the mass distribution of very-low-mass companions suggests that "planets" could exist with masses as large as 17 or 20 M J . The question remains, whether the mass distribution of the detected planets indeed shows two distinct populations of planets and stars. The evidence is mounting that this is indeed the case. As several researches have shown 13, 14 , it seems that the mass regime between 20 M J and 0.08 M is under populated (Fig. 2) . Thus, the two populations on both sides of this "brown-dwarf desert" 15, 16 may rightfully be considered two physically distinct populations.
Peg b, "Hot Jupiters" and migration
As already mentioned in the previous section, the detection of 51 Peg b was a major surprise. The paradigm concerning the evolution of planets and planetary systems can be traced back to works by P.S. Laplace and I. Kant in the 18 th century. According to the modern form of this paradigm, the Solar System was formed by a rotating disk of gas, dust and rocks, where the solids agglomerated into protoplanets and eventually into planets. Beyond a certain distance from the Sun (the "snow line"), water ice (and other similar "icy" materials) existed in abundance. Their existence allowed the formation of much larger protoplanetslarge enough to rapidly accrete very massive atmospheres, and develop into the Solar System giant, Jovian planets. This scenario explained the segregation we see in the Solar System between terrestrial planets inwards from the "snow line", and Jovian planets beyond this line.
The detection of 51 Peg b and all the other "Hot Jupiters" contradicted the "snow line" paradigm. It seems that giant planets ("Jupiters") can be found very close to their host stars, much closer than the "snow line". The currently accepted way to solve this contradiction is by introducing the migration mechanism. Planetary migration is the hypothetical process by which the planet, still embedded in the protoplanetary disk, loses angular momentum through tidal interactions between the planet, the disk and the star [18] [19] [20] . The details of this mechanism are quite elaborate, and are still studied, but it is already certain that it can bring a planet that was formed outside the "snow line" into close proximity with the host star, thus explaining the existence of "Hot Jupiters".
Mass-period distribution
The existence of "Hot Jupiters" implied the possible presence of massive planets very close to their host stars. According to Kepler's laws, close orbital distances imply short periods. We thus expect to find very massive planets with very short periods. Since the radial-velocity technique is mostly sensitive to short periods and massive planets, we expect a very dense population in this area of the mass-period diagram. However, this is not the case, as has been shown by Zucker & Mazeh 21 , Udry et al. 22 and Pätzold & Rauer 23 . They proved that there is a statistically significant dearth of very massive planets in very short periods. This phenomenon can serve as a hint that the migration process is maybe less effective for very massive planets 24, 25 , or maybe that at very short distances the planet "spills over" part of its mass into the central star 26 .
Orbital eccentricities
The second extrasolar planet, 70 Virginis b, was detected by Marcy & Butler 27 using the Iodine-cell spectrograph in the Lick Observatory. 70 Vir b turned out to have a considerable orbital eccentricity of 0.4. The eccentricity record is currently held by HD80606 b, with a value of 0.93 28 . Such high orbital eccentricities were another challenge facing conventional theories about planets. The matter in protoplanetary disks was assumed to orbit the central star in circular Keplerian orbits, and the planets were supposed to reflect this primordial behaviour of the disk by having relatively circular orbits, similar to those in the Solar System. In order to account for the observed high eccentricities, several models were suggested, and it seems that no single model alone can explain all cases. Thus, models to produce highly eccentric orbits evoked interactions with distant stellar companions 29, 30 , interactions in multi-planetary systems 31, 32 , or tidal interactions with the protoplanetary disk itself 33 .
Stellar metallicities
The chemical composition of the planet-hosting star is intimately related to that of the primordial molecular cloud where the star was born. The common astrophysical index of metallicity is a measure of the relative amount of heavy elements (i.e. heavier than hydrogen and helium) in the stellar atmosphere. Santos et al. 34 have shown that the frequency of planets is strongly related to the metallicity of the host stars (Fig. 3) . This can plausibly be explained by the need to have enough solid material and ices in order to form planets in the protoplanetary disk. The exact details of the influence of metallicity on the planet formation process are still obscure, but the existence of this influence is already well-established.
Planetary systems and resonances
The Solar System is the home of nine planets. The existence of more than one planet around a host star is easily explained by the protoplanetary disk paradigm. We thus expect extrasolar planets to appear in multiple planet systems as well 35 . The first detection of an extrasolar planetary system was a system of three planets orbiting the star υ Andromedae 36 . The most recent example is the detection of a third planet in the planetary system around the star µ Arae (HD160691) by Santos et al. 37 , using the HARPS spectrograph at the 3.6 m telescope at La Silla. Interestingly, this planet is also the smallest detected to date, with a subNeptunian mass of 14 Earth masses (see Fig. 4 ). In several cases, a couple of planets are arranged in a configuration where the two orbital periods form a mean-motion resonance. Such is the case, for example, in the planetary system around GJ876, where the two periods (30.1 and 60.0 days) form a 2:1 resonance 38 (Fig. 5) . The Solar System exhibits many examples of such resonances, e.g. the Neptune/Pluto 3:2 resonance. The resonance phenomenon serves as a kind of laboratory for testing theories of orbital stability and evolution 39, 40 .
Multiplanetary systems clearly impose strong constraints on scenarios for the formation of planetary systems. Planets that orbit one of the components of binary stars could provide additional constraints. Currently, about twenty planets have been shown to exist in orbit around components of the binaries. The orbital characteristics of these planets seem to differ from those orbiting single stars 14 . ISSI workshop "Planetary Systems and Planets in Binaries" held in 2002, was dedicated to studying these very issues 1 .
235 Figure 4 . Radial-velocity curve of µ Arae. The time is measured in Julian daysa common astronomical time unit that corresponds to one day. The line represents the best fit to the data, obtained with the sum of a periodic Keplerian orbit and a linear trend. The linear trend represents the effect of the outer long-period companions in the system (from Santos et al. 36 ). 
Extrasolar Planetary Transits
Detecting planets through radial-velocity variation has one basic drawback. Since the star motion is recorded only along one spatial axis, the line of sight, some ambiguity remains when determining the planet dynamical characteristics. The ambiguity is between the planet mass and the so-called "orbital inclination", i.e. the angle between the line of sight and the orbital angular momentum vector. Instead of deriving both these quantities from the orbit, only Msin i is observable, where M is the planet mass and i is the inclination. It can easily be shown that values of sin i that are closer to unity are much more probable. Therefore it is usually assumed that Msin i is reasonably close to the true planet mass. Nevertheless, in order to fully characterize the planet, additional information is needed.
The need for additional information about extrasolar planetary orbits pushed astronomers to look for more ways to detect and study them, other than radial velocities. This led to the first discoveries of planetary transits. The phenomenon is well-known in the context of the Solar System, where Venus and Mercury may cross the line of sight between the Earth and the Sun. The recent Venus transit occurred on 8 June 2004, and attracted considerable public attention and media coverage (Fig. 6) . Obviously, extrasolar planetary transits cannot be observed with the same detail. The only observable effect is a periodic weak dimming of the starlight, due to obscuration of part of its surface by the planet. Obviously, the probability of having a planet in such a geometric configuration that would allow planetary transits is not very high. For close-in planets, with periods of a few days (like "Hot Jupiters"), this probability is about 10%. For wider orbits this probability reduces considerably 10 .
HD209458 b
The first extrasolar planetary transits that were discovered were those of HD209458 b. Mazeh et al. 41 first discovered the planet in the traditional radial- velocity technique. Soon after the radial-velocity detection, Charbonneau et al. 42 and Henry et al. 43 detected the periodical dimming of the light, with exactly the same period as the radial-velocity variations, of 3.52 days (Fig. 7a) . The two teams detected the transits using small and relatively cheap telescopes, which demonstrated that achieving the required photometric precision by ground-based observations was realistic.
HD209458 b, being the first transiting extrasolar planet, demonstrates the scientific potential of transits. Obviously, the mere fact that transits occur constrains the orbital inclination, thus solving the Msin i ambiguity. On top of that, the transit depth (i.e. the amount by which the stellar light dims during the transit) is closely related to the radius of the planet. Thus, it adds information that cannot be acquired from radial-velocity measurements 10 . Knowing the mass and the radius of the planet, we can even derive its density and surface gravity!
Space-based observations
The importance of the data derivable from the transit shape soon led the researchers to utilize the superb photometric precision of the Hubble Space Telescope (HST) 44 . The result was the very precise light curve shown in Figure  7b . It gave rise to a very precise derivation of the planet radius -1.35 ± 0.06 Jupiter radii (R J ). It was rather surprising to find out that the planet was more extended than Jupiter, while its mass was about 0.69 M J. It seemed to be inflated, probably because of its proximity to the central star 45 .
Besides allowing a more accurate light curve, HST also provided a new and exciting kind of measurement, which constituted the first direct evidence about the planet. Charbonneau et al. 46 performed spectrophotometric observations of the transit in a bandpass centred at a sodium absorption feature, and in other 44 .
bands. The observations showed that the transit was significantly deeper in the sodium-feature bandpass than in the other bands. The difference was attributed to absorption by the planetary atmosphere, through which part of the stellar light had to pass during the transit. Vidal-Madjar et al. 47 performed similar observations, meant to detect other chemical species. They found that oxygen and carbon were present in the extended upper atmosphere of the planet, probably in an escaping state.
In 2004, a network of small ground-based telescopes detected planetary transits in the light curve of a fainter star (11 th magnitude), which was then called TrES-1 48 . On the very last days before submitting the final version of this manuscript, Charbonneau et al. 49 reported another breakthrough. Using the Infrared Space Telescope 'Spitzer', they have measured the secondary eclipse of TrES-1, i.e. the dimming of the infrared luminosity when the planet itself is occulted by the star. This measurement allows, for the first time, a direct estimation of the temperature of a "Hot Jupiter". This exciting result also demonstrates the unique possibilities offered by space observatories in the domain of extrasolar planets.
OGLE observations
After the first detection of transits, numerous surveys to look for others were initiated by several groups. One such survey is the Optical Gravitational Lensing Experiment (OGLE), a project that monitors dense stellar fields in search of another exotic effect -gravitational lenses 50 . After the detection of HD209458 b, the OGLE team decided to dedicate part of their observing time for planetarytransit searches. Eventually, more than 130 transit candidates were detected in this framework [51] [52] [53] [54] . However, a transit-like light curve alone is not sufficient for establishing the existence of a planet, since it can be produced by a faint stellar companion rather than a planet. In order to prove the planetary nature of the eclipsing object, the radial-velocity information is needed after all. The OGLE project targets relatively distant stars, which renders precise radial velocities much more difficult to obtain than in the relatively close stars of the radialvelocity surveys. Nevertheless, four OGLE candidates were already proven to be planets using radial velocities [55] [56] [57] [58] .
Currently, already six transiting planets are known, four of them from the OGLE project. The data about planetary radii and masses is thus enough for producing a preliminary mass-radius diagram (Fig. 8) . The diagram demonstrates the consistency of the theories about planets with the available data. HD209458 b is seen to be exceptionally inflated relative to the other transiting planets 58 .
Planned Space Missions
By now it is quite safe to assume that ground-based radial-velocity observations are suitable for detecting Jupiter-sized and even Saturn-sized planets orbiting the nearby stars, at distances of tens of parsecs. Figure 9 depicts the detectable parts of the mass-separation diagram by the radial-velocity method. The very precise spectrographs needed for precise radial velocities are probably still too difficult to maintain and manipulate onboard spacecraft. Jupiter-sized transiting planets cause dimmings of the stellar light of about 1%, which also has already been proven to be detectable by ground telescopes. In order to explore the other realms of the parameter space, dedicated space missions are planned.
Photometric missions
Two space missions designed for detecting planetary transits are expected to be launched in the near future. Free from "seeing" problems caused by turbulences in the Earth's atmosphere, those space telescopes are expected to monitor dense stellar fields in search of planets. Those missions are the French-led CoRoT satellite, expected to be launched in 2006 59 , and the American Kepler mission, currently scheduled for 2007 60 . Besides providing many more detections of Jupiter-sized planets, they are also expected to detect Earth-sized planet candidates. Our experience from ground-based transit detections shows that the main challenge ahead is to provide radial-velocity confirmations for the planetary 58 ).
nature of the detected candidates, which is especially difficult for the smaller planets. A technological precursor for those two missions was the Canadian MOST satellite, designed for asteroseismology studies but requiring the same kind of photometric precision 61 . MOST is already yielding valuable measurements, and serves as a kind of proof-of-concept for CoRoT and Kepler 62 .
Astrometric missions
As was previously explained, planets detected by radial velocities are prone to the Msin i ambiguity, which is solved if the planet transits the star. This happens only rarely, especially for planets that orbit the star in a wide orbit. However, in those cases the motion performed by the star may be large enough to be recorded as a trajectory in the two-dimensional plane of the sky. Measurements designed to detect this motion belong at the astronomical field of astrometry. In the early 1990s, a dedicated astrometric mission, called Hipparcos, was launched by ESA 63 . Hipparcos, operating for about 3 years, had an astrometric precision of the order of milli-arcseconds. This was not enough to detect the motion caused by any known extrasolar planet. However, the fact that this motion was not detected served to put upper limits on the planetary masses, thus proving the sub-stellar nature of some of them [64] [65] [66] . It became clear that a much finer precision is needed in order to be able to detect the stellar orbits caused by the presence of planets. Two astrometric space missions are currently planned to reach the required astrometric precision: the American Space Interferometry Mission (SIM) (expected launch 2009) 67 and the European Gaia mission (expected launch 2010) 68 . Those two missions are designed to monitor the astrometric position and movement of tremendously large numbers of objects, with precisions of the order of micro-arcseconds. Thus, they will also detect the motions caused by planets orbiting those stars, this time without the notorious Msin i ambiguity. Figure 9 shows the expected detection capability of the astrometric space missions.
Darwin and TPF
Both NASA and ESA are contemplating the launch of similar extremely ambitious space missions, which are expected to be able to directly image extrasolar Earth-sized planets. Those missions are ESA's Darwin 69 and NASA's Terrestrial Planet Finder (TPF) 70 . The idea is to use an array of several medium-sized telescopes as an interferometric array, where the light from all the telescopes will be combined, interference patterns will be studied, and the effective size of the telescope will be much larger, in several respects. This will enable extremely precise astrometric measurements, but also very-high-resolution imaging, allowing the separation of the light we intercept from very close objects, previously unseparable. The expected scientific yield can be very exciting. Examination of the light reaching us from the planets themselves will unprecedentedly broaden our understanding of their physics and chemistry.
Darwin and TPF may very well be the closest approach ever towards understanding the origin and evolution of our Solar System and maybe even of life itself. In fact, the subject of trying to remotely detect and characterize life on extrasolar planets is also emerging as a seriously studied subject, where interesting and innovative ideas are proposed. The discipline of astrobiology is gradually developing, preparing for the long-awaited moment when it becomes practical, and a dedicated ISSI team has already been assembled 71 . Undoubtedly major scientific and philosophical issues will surface, in ways we can now only imagine.
